The calcium isotope ratios (δ , respectively, are a factor of 13 and 16 times smaller than the previously determined fractionation from a second foraminifera, Globigerinoides sacculifer, having a slope of about 0.24 ‰ °C -1 (Nägler et al., 2000) . The observation that δ
, respectively, are a factor of 13 and 16 times smaller than the previously determined fractionation from a second foraminifera, Globigerinoides sacculifer, having a slope of about 0.24 ‰ °C -1 (Nägler et al., 2000) . The observation that δ 44 Ca is positively correlated to temperature is opposite in sign to the oxygen isotopic fractionation (δ 18 O) in calcium carbonate (CaCO 3 ). These observations are explained by a model which considers that Ca 2+ -ions forming ionic bonds are affected by kinetic fractionation only whereas covalently bound atoms like oxygen are affected by kinetic and equilibrium fractionation. From thermodynamic consideration of kinetic isotope fractionation it can be shown that the slope of the enrichment factor α(T) is mass dependent. However, for O. universa and the inorganic precipitates the calculated mass of about 520±60 and 640±70 amu (atomic mass unit) is not compatible with the expected ion mass for 40 Ca and 44 Ca.
To reconcile this discrepancy we propose that Ca diffusion and δ -aquocomplex correlates to a hydration number of up to 25 water molecules (490 amu). For O. universa we propose that their biological mediated Ca isotope fractionation resembles fractionation during inorganic precipitation of CaCO 3 in seawater. In order to explain the different Ca isotope fractionation in O. universa and in G. sacculifer we suggest that the latter species actively dehydrates the Ca 2+ -aquocomplex before calcification takes place. The very different temperature response of Ca isotopes in the two species suggests that the use of δ 44 Ca as a temperature proxy will require careful study of species effects.
Introduction
The important role of calcium (Ca) in biological processes is based on its chemical versatility which is related to its highly adaptable coordination geometry, its divalent charge, modest binding energies, fast reaction kinetics and its inertness in redox reactions (c.f. Williams, 1989; Williams, 1974) . It was suggested that changes in the calcium concentration, together with changes in seawater alkalinity and pH, were a major driving force for the onset of biomineralization and the alternating mineralogy of marine carbonate precipitation observed throughout Earth's history. However, there are only a few data sets that link seawater concentrations or calcium isotope ratios to Earth's biological evolution (c.f. De La Rocha and DePaolo, 2000; Arp et al., 2001; Wallmann, 2001; Stanley and Hardie, 1998; Kempe and Degens, 1985; Degens, 1979) . Natural fractionation of Ca isotopes in surface processes is reported to be relatively small (c.f. Heumann et al., 1970; Heumann and Lieser, 1972; Heumann et al., 1982; Stahl and Wendt, 1968) requiring high analytical precision to be resolved. Russell et al. (1978) first combined modern high-precision mass spectrometry with the application of the Ca double spike technique in order to determine isotope fractionation in terrestrial and cosmic materials. Skulan et al. (1997 Skulan et al. ( , 1999 focused their attention on the biological control of the Ca isotopic composition. They analyzed Ca from various marine organisms and concluded that Ca isotope fractionation is relatively uniform in magnitude among vastly different organisms and that Ca becomes isotopically lighter when it moves through food chains. Zhu and MacDougall (1998) suggested that Ca isotope data from foraminifera of a given species may significantly vary with ocean water temperature and/or depth and showed that there is a 0.6 ‰ difference in the δ
44
Ca ratios between G. sacculifer from the Holocene and the last glacial maximum (LGM) of the equatorial Pacific (Zhu and MacDougall, 1998) . Utilizing recent estimates of sea surface temperature change since the Last Glacial Maximum (Lea et al., 2000) , this 0.6 ‰ difference would reflect a temperature change of about 3°C. A more systematic study of δ 44 Ca-temperature relationships in the cultured planktonic foraminifera Globigerinoides sacculifer, demonstrated a clear temperature dependence over a temperature range from 19.5 to 29.5°C (Nägler et al., 2000) . The calculated δ 44 Ca-temperature slope of about 0.24 ‰ °C -1 was similar to the observations of Zhu and MacDougall (1998) . Further, Nägler et al. (2000) found a 0.7 ‰ difference in δ (Zeebe and Wolf-Gladrow, 2001 ).
In a further study, De La Rocha and DePaolo (2000) used an intertidal benthic foraminifer, Glabratella ornatissima, to establish a δ 44 Ca-temperature relationship.
Although the authors claim that this species does not display a temperature relationship, in our opinion the small temperature range (8.5-10.8°C) used for calibration and the scatter of their data do not allow for a definitive conclusion.
The discrepant statements concerning temperature controlled δ 
Materials and Methods

Inorganic precipitation of aragonite: experimental setup
The setup for inorganic precipitation of aragonite is described in detail in Dietzel and Usdowski (1996) . The experimental set up consists of two bottles: a 0.5 l polyethylene (PE) bottle, containing 35 g solid NaHCO 3 which is saturated with CO 2 gas from a tank with a pressure of 1 atmosphere. Orbulina universa were collected by scuba divers and were grown in 0.8 µm filtered sea water using standard procedures (Spero, 1998; Spero et al., 1997 Ca-double-spike was added to an aliquot of the solution to correct for isotope fractionation in the mass-spectrometer during the course of the Ca isotope analysis. The sample-spike mixture was dried and recovered in about 2 µl 2.5N HCl and then loaded with a Ta 2 O 5 -activator solution using the "sandwich-technique"
(activator-sample-activator) onto a previously outgassed single filament (zone refined rhenium). After evaporating to dryness the filament with the sample/spike mixture was briefly glowed. Ca: 0.021208; (Russell et al., 1978) ). Such a normalization procedure was previously used by Nägler et al. (2000) and Russell et al. (1978) . More details of our analytical method are given in Heuser et al. (2002 Ca-measurement all samples were measured at least twice.
Measurements of the isotopic composition of
Results
The δ
44
Ca values of O. universa and the inorganically precipitated aragonite are presented in Table ( Ca-ratios of all carbonates are positively correlated to temperature although the temperature sensitivity of the previously measured G.
sacculifer (Nägler et al., 2000) is a factor of about 13 and 16, respectively, larger than that of O. universa and the precipitates. Ca values increase with increasing temperature (Fig. 2) . (Zeebe, 1999) .
In contrast, elements like Ca tend to form ionic rather than covalent bonds in carbonate crystals (O´Neil, 1986) . Therefore, Ca isotope fractionation is only affected by kinetic isotope fractionation and not by equilibrium fractionation because no vibration bonding modes are active (O'Neil et al., 1969) . In general, at fluid-solid interactions both kinetic and equilibrium fractionation processes are temperature dependent. At lower temperatures equilibrium fractionation tends to enrich the heavier isotope in the more stable molecules whereas kinetic fractionation tends to enrich the lighter isotopes in the product phase. Consequently, isotope systems like δ
18
O controlled by equilibrium fractionation are an inverse function of temperature whereas isotope systems like δ 
Kinetic Effects on the Isotope Fractionation -Temperature Relation
It is generally accepted that diffusion across a liquid-solid boundary to and along a crystal growth surface is mass dependent because the diffusion velocities of the lighter isotopes are faster than those of the heavier isotopes. Therefore, the enrichment of the lighter isotope in the CaCO 3 crystal relative to the bulk solution as a function of temperature can be described by an enrichment factor α(T). Equation (4) and (5) in the appendix show that the slope of the enrichment factor α(T) is a function of the ratio of the mass difference (∆m) between the heavy and the light isotope and the reduced isotope mass (m). These equations clearly show that kinetic isotope fractionation is most efficient for low masses at low temperatures. For relatively high masses and high temperatures the enrichment factor approaches unity as expected for kinetic isotope fractionation (see appendix).
These thermodynamic considerations can be used to identify processes responsible for our measured δ Ca it can be predicted, that the slopes for α(T) of the precipitates and two investigated foraminiferal species should be similar. From Table 2 it can be seen that the slopes of the enrichment factors for O. universa and the inorganic precipitates are similar. However, a major difference exists between inorganic precipitates, O. universa and G. sacculifer. The slope of α(T) for G. sacculifer is steeper by a factor of 13 relative to O. universa and a factor of 16 relative to the precipitates (Table 2) .
From equation (5) it follows that the slope of the enrichment factor α(T) is controlled by the (∆m/m)-ratio. Relatively low (∆m/m)-ratios correspond to relatively shallow slopes for α(T) whereas relatively large (∆m/m)-ratios correspond to steep slopes for α(T). aquocomplexes, Bockris and Reddy, 1973; Langmuir, 1997) . Most likely, the influence of large organic molecules is negligible for the inorganic precipitates.
Therefore, we hypothesize that these calculated masses reflect the motion and diffusion of Ca In general, ion complexes are dissolved species that exist because of the association of a cation with an anion or with neutral molecules like water (Langmuir, 1997) . Most trace metals and many major elements are transported in water in complexed form.
Estimates of the number of water molecules associated with each cation (hydration number) are difficult to obtain, and the results vary with the technique used for determination. Koneshan et al. (1998) , 184 amu) (Jalilehvand et al., 2001; Koneshan et al. 1998) although in earlier publications between 6 to 10 water molecules are reported (Kaufman Katz et al., 1996; Langmuir, 1997; Spångberg et al., 2000) .
Modeling and experimental results indicate a strongly bound, clearly defined inner hydration shell, and a more weakly bound second shell (Jalilehvand et al., 2001; Koneshan et al., 1998) . Molecules of the second shell are bound by hydrogen bondings to the water molecules of the first hydration shell. The number of waters that may occupy the second hydration sphere varies depending on the model selected from 11 to 18 (Jalilehvand et al., 2001 ). The concept of strongly bound first shell and weakly bound second shell molecules is also supported by the findings that as the residence times of water molecules in the first shell of alkali cations (Koneshan et al., 1998 ).
An atomic mass around 520 amu (O. universa) is compatible with the maximum value for a hydration number of about 25 which has recently been reported by Spångberg et al. (2000) , Jalilehvand et al. (2001) and Koneshan et al. (1998) . Values of more than 600 amu (inorganic aragonite) exceed the empirically determined and accepted hydration number for a Ca 2+ -aquocomplex. Apparently higher hydration numbers might be caused by additional complexation with anions. This is also appealing because the mineral surface is charged and the electrostatic repulsion is reduced by ion-pairing the hydrated cation.
For example, in seawater ~10% of the dissolved Ca 2+ is bound to SO 4 2-forming a CaSO 4 0 ·nH 2 O complex (Byrne, 2002) . However, in our experiments, the inorganic aragonite was precipitated from a sulfate free solution. Therefore, at least for our inorganically precipitated aragonite, complexation with SO 4 2-can be ruled out. Other anions like Cl -or carbonate species may play a role in this case.
We note, that the hypothesized fractionation processes involving hydrated and dehydrated Ca
2+
-ions presented here have yet not been tested by experiments. We therefore consider our interpretation preliminary pending future confirmation. (Ca-pools) . Anderson and Faber (1984) hypothesized that G.
sacculifer stores significant amounts of Ca in its cytoplasm prior to deposition. In contrast, Lea et al. (1995) found little evidence for a substantial Ca pool in O.
universa. Both observations are in accord with our δ
44
Ca data because Ca storage requests enzymatically mediated Ca-transport which is performed more favorably in dehydrated ionic form than in complexed form. In contrast, the absence of Ca storage in O. universa points to a calcification process closer to inorganic CaCO 3 precipitation.
Following a model for imperforate foraminifer originally presented by ter Kuile (1991),
we propose for O. universa that seawater is incorporated into vesicles within the cytoplasm by the process of vacuolization. Precipitation of CaCO 3 needles (Hemleben et al., 1986 ) is then triggered in the vesicles either by actively increasing the pH in the vesicle or by the removal of calcium carbonate precipitation inhibiting ions like Mg 2+ or PO 4 3- (Swart, 1983 Aidley and Stanfield, 1996, Tsien and Tsien, 1990 Ca fractionation then occurs at the phase transition of the Ca ions from the channels to the transport enzymes and the adsorption onto their ligands. Ca is either stored in Ca-pools (Anderson and Faber, 1984) or transported by these enzymes directly to the site of calcification (ter Kuile, 1991).
While our working hypothesis presented here is able to reconcile the observation, and is in line with the above mentioned species dependent biological/metabolic processes, it is clear that further studies will have to investigate parameters like varying precipitation rates, pH changes or chemical composition of the culture solution.
Summary and Conclusions
A.
The temperature dependent fractionation characteristics of δ 
D.
A major conclusion of this study is that the results for G. sacculifer cannot be generalized to other species. For paleoceanographic applications it will be necessary to carefully study different species to elucidate their response to temperature as well as to other environmental influences. (Böhm et al., 2000) and for calcite (Kim and O`Neil, 1997) . Ca for the bulk solution (CaCl 2 ) of the aragonite was determined to be -0.3 ‰. hl: high light; ll: low light; amb: ambient CO 3 2-content of seawater. Note: α o and ζ values are calculated initial values and slopes for the enrichment factor α(T)=α 0 . exp(-ζ). The slope ζ corresponds to E/k . T (E=energy, k=Boltzman constant,T=absolute temperature). 
